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Cutinase-catalvzed condensation of trimethylsilanol 



A model study was performed in which a mono-functional silane was chosen to focus on the 
formation of molecules with a single siloxane bond during the in vitro condensation of 
trimethylsilanol (Scheme 6). The biocatalyzed reactions were formulated with a 5: 1 trimethylsilanol 
to protein weight ratio (i.e. ~1 ,300: 1 trimethylsilanol to cutinase mole ratio, 0.3 (jmol cutinase) in 50 
mM Tris-HCl buffered MiUi-Q water (pH 7.0) at an -10:1 solvent to monomer weight ratio. The 
closed (screw capped) two-phase reactions were conducted in inert glass vials at 25°C with magnetic 
stirring for 14 hours. Specifically, the reactions were conducted in silylated glassware. Since a 
silanol-fimctional glass surface could react with trimethylsilanol, the silylated glassware was 
necessary to create an inert glass surface. Prior to analysis, the aqueous reactions were extracted 
with THF in the presence of NaCl and filtered through a Whatman Autovial® 5 0.45 (j,m Teflon® 
filter. The reaction products were quantitatively analyzed by gas chromatography-flame ionization 
detection (GC-FID). 

hi this study, control reactions were defined as non-enzymatic reactions. Experiments 
conducted in the absence of a protein were defined as negative control reactions. Proteinaceous 
molecules such as bovine serum albumin (BSA) and porcine-y-globulins (globulins) were used to 
study non-specific protein catalysis. Substantial condensation of trimethylsilanol was not observed 
in the negative control and non-specific protein reactions in comparison to the raw material 
(trimethylsilanol, MesSiOH). In review, cutinase catalyzed the condensation of trimethylsilanol 
during the formation of hexamethyldisiloxane (HMDS) under mild conditions. Although the 
condensation reaction was conducted in water, the enzyme-catalyzed reaction was promoted by the 
phase separation of the product. The immiscibility of the product, hexamethyldisiloxane, changed 
the equilibrium and promoted the condensation reaction in the presence of water. Since the aqueous 
medium was saturated with trimethylsilanol (i.e. a two-phase reaction mixture), the reactant would 
continue to enter the aqueous phase due to the dynamic equilibrium of the condensation reaction. 

I protein | | 

2 — Si-OH ^ _Sj-o-Si— + Hp 

I buffered pH 7.0 | | 

25°C 

silanol hexamethyldisiloxane 
Scheme 6: Biocatalyzed condensation of trimethylsilanol. 
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Cutinase-Catalvzed Hydrolysis and Condensation of Dimethvldimethoxvsilajae 

Dimethyldimethoxysilane (DMDM) was chosen as a model substrate to investigate the 
ability of cutinase to catalyze the in vitro hydrolysis and condensation of a multi-functional 
alkoxysilane under mild conditions (Scheme 7). The mild reaction conditions (i.e. low temperature, 
neutral pH) minimize chemically catalyzed condensation due to the increased concentration of 
silanol in the reaction mixture. The biocatalyzed reactions were initially formulated with an -10: 1 
alkoxysilane to cutinase weight ratio (i.e. ~1 ,800: 1 DMDM to cutinase mole ratio, ~5 pmol cutinase) 
in 50 mM Tris-HCl buffered MiUi-Q water (pH 7.0) at an -60% volumetric efficiency. Volumetric 
efficiency was defined as the weight % monomer measured as a percentage of the total weight of the 
liquids in the reaction (i.e. DMDM + water). The closed (screw capped) two-phase reactions were 
conducted in inert glass vials at 25°C with magnetic stirring for 24 hours. Specifically, the reactions 
were conducted in silylated glassware. Since a silanol-fimctional glass surface could react with the 
alkoxysilane in the study, the silylated glassware was necessary to create an inert glass surface. 
Prior to analysis, the aqueous reactions were extracted with THF in the presence of NaCl and filtered 
through a Whatman Autovial® 5 0.45 jmi Teflon® filter. The reaction products were analyzed by 
GC-FID in a qualitative manner (i.e. area percent. Table 6). 

In review (Table 6), the degree of polycondensation catalyzed by ~5 ijmol of cutinase was 
not significantly greater than the negative conti-ol reaction conducted in the absence of cutinase over 
a 24-hour period. Consequently, the cutinase-catalyzed polycondensation reactions were replicated 
with an increased amount of enzyme (i.e. -500: 1 DMDM to cutinase mole ratio, -20 pmol cutinase) 
over a longer period of time (5 days). Based on the degree of polycondensation obtained over an 
extended period of time (5 days vs. 24 hours) at two concentrations of enzyme (20 (imol vs. 5 jmiol), 
cutinase was observed to catalyze the hydrolysis and condensation of DMDM (Table 7). Although 
the condensation reactions were conducted in water, the enzyme-catalyzed reactions were promoted 
by the phase separation of the products. Based on the estimated solubility of DMDM in water (-32 
mg/mL), the concentration of DMDM (-1500 mg/mL) saturated the aqueous medium and created a 
two-phase reaction mixture. As the chain length of the linear siloxane molecules increase or cyclic 
siloxanes are formed, these molecules phase separate into the organic phase. 
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Scheme 7: Cutinase-catalyzed hydrolysis and condensation of dimethyldimethoxysilane. 

Table 6: Cutinase-catalyzed hydrolysis and condensation of dimethyldimethoxysilane at 

25°C after 24 hours. 







Area Percent' 




Siloxane^ 


Me2Si(OMe)2 


Negative Control 


Cutinase (~5 /xmol) 


Li, ZO-(Me2SiO)i-Z 


99.6 % 


59.7 % 


43.2 % 


U, ZO-(Me2SiO)2-Z 


0.4 % 


32.9 % 


43.3 % 


L3, ZO-(Me2SiO)3-Z 


not observed 


6.0 % 


12.4 % 


U, ZO-(Me2SiO)4-Z 


not observed 


0.9 % 


0.6 % 


L5, ZO-(Me2SiO)5-Z 


not observed 


0.2 % 


0.3 % 


Le, ZO-(Me2SiO)6-Z 


not observed 


0.1 % 


not observed 


D3, [Me2SiO]3 


not observed 


0.2 % 


0.2 % 


D4, [Me2SiO]4 


not observed 


0.1 % 


not observed 


The normalized area 


percent values were calculated from qualitative chromatographic data (G< 


Lx = dimethyl linear siloxane x = ZO-(Me2SiO)x-Z where x = 1-6 and Z = H &/or Me, Me = 


CH3. 








Dy = dimethyl cyclic siloxane y = [Me2SiO]y where y = 3-4, Me = CH3 




Table 7: Cutinase-catalyzed hydrolysis and condensation of dimethyldimethoxysilane at 


25°C after 5 davs. 












Area Percent' 




Siloxane^ 


Negative Control 


Cutinase (~5 jtimol) 


Cutinase (-20 jumol) 


Li, ZO-(Me2SiO)i-Z 


27.2 % 


6.5 % 


0.7 % 


L2, ZO-(Me2SiO)2-Z 


44.5 % 


48.1 % 


21.4% 


U, ZO-(Me2SiO)3-Z 


22.3 % 


34.3 % 


38.5 % 


U, ZO-(Me2SiO)4-Z 


3.8 % 


8.5 % 


25.9 % 


L5, ZO-(Me2SiO)5-Z 


0.8 % 


1.3% 


7.9 % 


Le, ZO-(Me2SiO)6-Z 


0.2 % 


0.2 % 


2.2 % 


L7, ZO-(Me2SiO)7-Z 


0.1 % 


not observed 


0.5 % 


D3, [Me2SiO]3 


0.9 % 


0.9 % 


2.2 % 


D4, rMe2SiOl4 


0.2 % 


0.2 % 


0.7 % 



The normalized area percent values were calculated from qualitative chromatographic data (GC). 
Lx = dimethyl linear siloxane x = ZO-(Me2SiO)x-Z where x = 1-7 and Z = H &/or Me, Me = 
CH3. 

Dy = dimethyl cycUc siloxane y = [Me2SiO]y where y = 3-4, Me = CH3. 
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Trvpsin-Catalvzed Hydrolysis and Condensation of Diethyldiethoxygermane 



Diethyldiethoxygermane was chosen as an alternate substrate in order to investigate the 
abiUty of boyine pancreatic trypsin to catalyze the in vitro hydrolysis and condensation of an alkoxy- 
functional germanium molecule under mild conditions (Scheme 8). The mild reaction conditions 
(i.e. low temperature, neutral pH) minimize chemically catalyzed condensation due to the increased 
concentration of hydroxy groups in the reaction mixture. The reactions were formulated with an 
~5 : 1 monomer to enzyme weight ratio (i.e. -500: 1 diethyldiethoxygermane to trypsin mole ratio, ~1 
jitmol trypsin) in 50 mM Tris-HCl buffered MiUi-Q water (pH 7.0) at an -5:1 solvent to monomer 
weight ratio. The closed (screw capped) two-phase reactions were conducted in inert glass vials at 
25°C with magnetic stirring for 24 hours. Specifically, the reactions were conducted in silylated 
glassware. Since a silanol-functional glass surface could react with the monomer, the silylated 
glassware was necessary to create an inert glass surface. Prior to analysis, the aqueous reactions 
were extracted with THF in the presence of NaCl and filtered through a Whatman Autovial® 5 0.45 
|j,m Teflon® filter. The reaction products were analyzed by gas chromatography-mass spectrometry 
(GC-MS) and electrospray ionization mass spectrometry (ESI MS). In comparison to a negative 
control reaction conducted in the absence of the enzyme, trypsin was observed to catalyze the 
hydrolysis and condensation of diethyldiethoxygermane during the preferential formation of 
hexaethylcyclotrigeroxane, [EtiGeOJs where Et = CH2CH3. 



Scheme 8: Trypsin-catalyzed hydrolysis and condensation of diethyldiethoxygermane 




alkoxygermane 
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cyclic 
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